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Abstract
Dry and wet deposition of nitrogen (N) and sulfur (S) has detrimental impacts on the health
of both human and ecosystems. Intensive human activities are responsible for elevating emissions
and deposition of N and S species. Large population and fast industrial development led China to
one of the countries with highest acid deposition. The large fluxes of N and S deposition have
caused acidification of surface water and soil, which damages plant growth and biodiversity in
China. N and S deposition has been investigated using ground-based monitoring networks and
satellite-based sensors. The limitation of location of monitoring sites and performance of sensors
caused lack of data availability of N and S deposition for the whole China. Chemical transport
models (CTMs) have been used to study the distribution and trends of N and S deposition in both
global and regional scales. In this thesis, the WRF/CMAQ modeling system is used to study dry
and wet deposition of N and S components in winter and summer episodes of 2015 and 2046 in
China. A source-oriented technique is employed to study the source apportionment of N deposition
to the 10 largest lakes in China. This study obtained temporal and spatial distributions and major
species of N and S deposition. The source apportionment results suggest that agriculture, industry,
power generation, and transportation are the top four sources of N deposition. Dry deposition is
dominated by gas phase and wet deposition is dominated by aerosol phase. Meteorology and
deposition changes under three future emission scenarios (RCP 4.5, 6.0, and 8.5) are predicted
from 2015 to 2046. The overall distribution of total N and S deposition does not change
substantially from 2015 to 2046. Deposition rates of major N and S species change accordingly
under three RCPs. Future changes of temperature and relative humidity may alter future wet
deposition rates and changes of wind speed and direction may have effects on dry deposition rates.
For future N deposition to lakes, dry deposition decreases for all RCP scenarios in 2046. RCP 8.5
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has higher deposition rates than other two scenarios. Wet deposition changes differently for each
RCP.
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Chapter 1. Introduction
1.1. Emission and Atmospheric Deposition
Human activities generate large fluxes of pollutants to the atmosphere. Fast economic
development contributed by the consumption of fossil fuels and fertilizers have resulted in
increasing nitrogen (N) and sulfur (S) emissions to the atmosphere. The rates of anthropogenic
emissions of NOx, NH3, and SOx were 37.5 TgN yr-1, 40.1 TgN yr-1, and 55.9 TgS yr-1 respectively
in 2005, which is almost the same as the rates of natural emissions (Ciais et al. 2014). The global
N and S cycles have been changed extremely by high fluxes of emission and following deposition
(Galloway et al. 2004). After different forms of N and S species are emitted to the atmosphere,
they react with other chemicals to form stable compounds, which can be in gas, liquid, or solid
phases. The compounds can reach back to the earth surface by atmospheric deposition process.
The impacts of N and S deposition on the structure and functioning of human society and
ecosystems have been noted and evaluated (Galloway 1995; Carmichael et al. 2002; Doney et al.
2007; Dentener et al. 2006).
Atmospheric deposition is a set of chemical transport processes that have three different
forms: dry deposition, wet deposition, and cloud deposition. Dry deposition is a removal process
of gases or particles from atmosphere to earth surface by turbulent diffusion, absorption, and
sedimentation. Wet deposition is the transport coupled with precipitation events that capture
pollutants and deposit them onto the surface. Cloud deposition is the transport of pollutants via
cloud or fog. The physics of atmosphere drives the fate and transport of chemicals in it. The rate
of dry deposition depends on air circulation, solar radiation, humidity, and condition of ground
cover. (Baumgardner et al. 2002). The incorporation of chemicals with water droplets in cloud is
rainout and with raindrops beneath a cloud during precipitation is washout. The rates of wet and
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cloud deposition highly correlate with air temperature, precipitation, cloud cover and atmospheric
movement (Hemond and Fechner-Levy 2000). The physical and chemical interactions between
climate change and N and S deposition generate environmental and ecological impacts
(Bytnerowicz, Omasa, and Paoletti 2007).
1.2. N Production, Emission, and Deposition
N is one of fundamental elements that involve in metabolic processes of organisms and
determines the biological productivity and the structure of ecosystems. However, the largest N
reservoir, nitrogen gas (N2), is not available to most organisms as N source. Reactive nitrogen (Nr)
is produced from non-reactive nitrogen (N2) by both natural and anthropogenic activities. Two
natural pathways (biological nitrogen fixation (BNF) and lightning) and three anthropogenic
pathways (industrial fixation by Haber-Bosch process, agricultural fixation by crop cultivation,
and fossil fuels combustion) have been discovered and developed. Nr produced by human activity
have dominated total Nr creation (Figure 1.1) and therefore interfere the N cycle (Ciais et al. 2014).
Nr plays an important role in both the characteristics of atmosphere and ecosystems. The dynamic
balance between the creation of Nr (nitrogen fixation) and the conversion of Nr back to N2
(denitrification) has been broken by the increasing Nr creation and discharge to the environment
since the industrial revolution.
The primary deposition of Nr species are nitrogen oxides (NOx) and ammonia (NH3). Fossil
fuel combustion for industry and energy production is the major source of NOx. Fertilizer
implementation and livestock manure management control the sources of NH3 (Zhang, Mathur, et
al. 2018). Ammonia reacts with nitric acid (HNO3), sulfuric acid (H2SO4), and other acids to form
ammonium aerosols (NH4+), which cause haze pollution. Ammonium aerosols reflect sunlight and
have impacts on climate change (Dentener et al. 2006). The increasing deposition of N species
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have caused losses of plant biodiversity (Clark et al. 2013), acidification and eutrophication
(Bouwman et al. 2002; Camargo and Alonso 2006; Sullivan et al. 2005), as well as increases of
carbon uptake (Reay et al. 2008) of both terrestrial and aquatic ecosystems. The availability of N
determines the productivity of ecosystems. Critical load has been used as an indicator for pollution
control, which is a level of pollution that prevent the ecosystems from inevitable detrimental
effects by the load of sensitive elements in environment (Lovett 2013). The incremental effects of
N deposition have larger ecological impacts on ecosystems with low-N deposition regions than
high-N deposition regions. Since the lower loading regions are more sensitive to even small
increase of deposition (Payne et al. 2013). N deposition threatens the ecosystems in two ways: soil
acidification and eutrophication. Soil acidification limits the growth of sensitive species and
stimulates the growth of acid-tolerant species. Eutrophication is more favorable to N-responsive

Figure 1.1. Nr creation rates (TgN yr-1) by human activities from (Ciais et al. 2014).
(nitrophilic) plants than less responsive species. Therefore, N deposition influences both the
productivity and community structure of ecosystems (Lovett 2013).
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1.3. S Production, Emission, and Deposition
S is also an essential plant nutrient and a critical soil component. Atmospheric deposition
is the primary pathway for S to enter the ecosystems. However, excessive S deposition leads soil
acidification that prevents plant growth and development, since plant nutrition and soil chemistry
are modified significantly (Lamarque et al. 2013). Resembling the N cycle, the S cycle has also
been disrupted by large fluxes of anthropogenic emissions of S species to the ecosystems. H2SO4
plays an important role in fertilizer industry and many other manufacturing industries as an
essential intermediate. The consumption of sulfuric acid has been regarded as an indicator of
industrialization (Ober 2002). Different forms of S are produced by recovery from oil and gas
production, metal smelting, and elemental S deposit. Fossil fuel combustion, which always
contains S compounds, is the major anthropogenic S input that generates large fluxes of sulfur
dioxide (SO2) to the atmosphere. As the development of environmental concerns, increasing of
supply has been over the decreasing of demand for S in industries. The imbalance has become a
new problem for S waste disposal (Ober 2002).
Emissions of SO2 is a great contributor to acid rain that further results in soil and water
acidification and ecosystem damages. Besides sulfuric acid rain, SO2 forms sulfate aerosols which
play a significant role in climate change regionally and globally. Sulfate aerosols become clouds
condensation nuclei and change the radiative forcing of clouds and atmosphere (Smith et al. 2011).
In order to eliminate SO2 emissions, Claus process is widely used at petroleum refineries and
natural gas processing facilities to remove S species (H2S) and produce S (Gary and Handwerk
2001). Technologies have been developed for coal desulfurization. However, coal fired
powerplants is still the dominant source of global S emission. Governments have implemented
various environmental regulations to limit SO2 emissions. These approaches are effective to
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regulate SO2 emissions and reduce acid rain. Globally, emissions of SO2 reached the peak in 1970
and declined gradually until 2000. However, elevating emissions in China have caused a noticeable
increase in recent years (Figure 1.2) (Smith et al. 2011). Like N deposition, S deposition is the
primary pathway to remove S contents from the atmosphere. Risks of S deposition to ecosystems
(Savva and Berninger 2010) and human health have been studied and evaluated.

Figure 1.2. Global sulfur dioxide (SO2) emissions from each primary sources (Gg yr-1) from
(Smith et al. 2011)
1.4. N and S Emission and Deposition in China
Since the economic reforms and opening-up of China in 1978, remarkable and
unprecedented economic growth occurred in past 40 years. China becomes the second-largest
economy with a highest growth rate all over the world. However, the environmental problem in
China is also the most severe over major countries. Rapid economic development based on
elevating energy consumption, industrialization, and pollutants emission has been challenging the
environmental sustainability. China’s energy consumption increased from around 400 Mtoe
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(million tonnes of oil equivalent) in 1978 to 3014 Mtoe in 2015 (Figure 1.3) (Dong et al. 2017).
The primary energy source is coal, which consists of 63.7% of energy consumption of China in
2015, because coal is more abundant and widespread than oil and natural gas. The share of oil and
natural gas in total consumption are 18.6% and 5.9% respectively (Figure 1.3). Environmental
problems caused by coal and oil burning, especially air pollution, have raised great concerns to
Chinese government and the society. The extensive use of coal and oil have resulted in increasing
emissions of SO2, NOx, and other pollutants like particulate matter (PM). In addition, the
appreciable increase of agricultural and industrial activities, urbanization, and transportation has
also contributed to the N and S emissions in China significantly. China’s NH3 emissions are three
times higher than NOx emissions, since intensive agricultural activities are required on limit arable
land to feed almost 1.4 billion people (Larssen et al. 2006). However, NH3 emissions are not under
control in China. Most of NH3 emission in China is from excess N fertilizers implements and
livestock operations (Liu et al. 2011; Liu, Xu, et al. 2017).

Figure 1.3. History of energy consumption of each fuel type and energy consumption
structure of China in 1965-2015 from (Dong et al. 2017).
Monitoring of concentrations of gaseous and particulate N and S pollutants records the
history of anthropogenic emission patterns. NH3 concentrations are higher in urban areas with high
population density. High NOx concentrations are monitored in both major Chinese mega cities and
6

fast developing rural area, resulted from intensive human activities (Liu et al. 2011). SO2 emissions
were extremely high in north China plain because of coal fired plants. But they have declined in
the past decade because of SO2 control policies, even the consumption of coal did not decrease (Li
et al. 2017). SO2, NOx, and NH3 emissions are important sources of secondary inorganic aerosols
(SIA) and secondary organic aerosols (SOA), which contribute to 19.4 to 41.3% of total PM 2.5
concentration in Chinese megacities. Photochemical oxidation of NOx by sunlight contributes to
ozone (O3) pollution in China, which is also induced by volatile organic compounds (VOCs) (Liu,
Xu, et al. 2017). Fine particulate matter (PM2.5) and O3 may cause death and serious respiratory
illness (Liu, Xu, and Yang 2018). The increased emissions may cause similar impacts on human
health without spatial or temporal variations. However, different ecosystems distributed in
different geographical and meteorological conditions may be affected by N and S emissions and
depositions differently. Acid rain caused by the deposition of acidic N and S species has been an
unavoidable problem in southern and southwestern China (Zhang et al. 2017). In northern China,
which leads N and S emissions, alkaline dust produced by desserts neutralize the acid rain. Acid
rain and mist can damage forests and have effects on N and S cycling, plant growth and mortality,
biodiversity, and other characteristics (Larssen et al. 2006; Savva and Berninger 2010). Similar
studies have been conducted on grasslands, croplands, water bodies, and coastal ecosystems in
China (Liu et al. 2011). Intensive N fertilization has also resulted in soil and water acidification in
North China Plain (NCP) and in the Taihu Lake region (Guo et al. 2010). More detailed monitoring
data and in-situ experiments are required to evaluate the influence of N and S deposition on various
ecosystems.
Since the large land area and fluxes of pollutants, it is not only a regional problem but also
a global one. China’s atmospheric N and S emission, deposition, and regulations have caused
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impacts on global N and S cycles, climate change, air quality, and ecosystem health (Liu and
Diamond 2005; Liu, Xu, et al. 2017). Since 1990s, Chinese government has begun to pay close

Figure 1.4. Distribution of precipitation acidity on city-level in China in 2013 from (Zhang et
al. 2017).
attention to the risks of N and S emissions and instituted regulatory programs such as restrictions
on the use of high-sulfur coal and the emission of coal fired power plants, control car exhaust
emissions, termination and relocation of heavy polluting industries. These measures have
decelerated the growth of N and S emissions and reduced the risks to human health and ecosystems
by air pollution (Larssen et al. 2006; Carmichael et al. 2002).
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1.5. Effects of Climate Change on Deposition
Anthropogenic emission is the main factor of future changes in N and S deposition. Climate
change also influences future air quality and deposition. The trend of climate change and global
warming has been noticed by temperature increase, sea warming, glaciers and sea ice shrinking,
and sea-level rise. Excess greenhouse gases emitted by human activities are regarded as the
fundamental cause of current and future climate change. To better understand the greenhouse
effects and future changes, researchers have developed models to quantify the effects of human
emissions on future concentrations and climate change and make projections both regionally and
globally. The fifth assessment report of Intergovernmental Panel on Climate Change (IPCC AR5)
used radiative forcing scenarios, called Representative Concentration Pathway (RCPs), to describe
future climate in four different changing pathways (2.6, 4.5, 6.0, and 8.5 W/m2) (Hayhoe et al.
2017). The effects of climate change, including changes of air temperatures, precipitation patterns,
atmospheric circulation, and other meteorological conditions, can interact with pollutants transport
processes in the atmosphere. The relationships between climate change and N and S deposition
have been investigated in Europe, the Arctic, and North America using regional chemical transport
models (CTMs) (Hole and Engardt 2008; Simpson et al. 2014). However, this area has not been
thoroughly studied and the relationships have not been established in China.
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Chapter 2. Literature Review
2.1. Ground Based Monitoring Networks
Atmospheric N and S deposition have changed significantly due to intensive human
activities in China. The impacts of increasing N and S deposition on the health of human and
ecosystems have been of great concern to society. National monitoring network has been built to
record N and S deposition since early 1980s in China (Liu, Xu, et al. 2017). The first monitoring
program was a national survey of acid rain in 1982, organized by the National Environmental
Protection Agency (Larssen et al. 1999). Similar national surveys and research programs were also
conducted in following years. The National Acid Deposition Monitoring Network (NADMN) was
built in 1992 in China. Ministry of Ecology and Environment and Meteorological Administration
of China have been developing and running their own national deposition monitoring networks
since 1990s, both covering over 300 cities. There are also other sub-national or part of global
monitoring networks that also provide N and S deposition data (Liu et al. 2011; Lu and Tian 2007).
For example, there are nine monitoring sites in four cities (Xi’an, Chongqing, Xiamen, and Zhuhai)
that are part of Acid Deposition Monitoring Network in East Asia (EANET). China Agricultural
University (CAU) has launched a National Nitrogen Deposition Monitoring Network (NNDMN)
that contains 43 sites covering different ecosystems in China (Xu et al. 2015). These networks
have different measurement methods and indices, which may have been changed during the
monitoring history. Therefore, there is no long-term continuous and consistent monitoring data
available in China. Besides, most of existing networks only record wet deposition or bulk
deposition, while dry deposition, which also plays a critical role in N and S deposition, is limited
(Liu et al. 2011). Furthermore, some species are important to total N deposition, such as N2O5,
HONO, and peroxyacetyl nitrates (PANs), but not measured in most monitoring projects.
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2.2. Satellite Based Monitoring Sensors
Ground-level monitoring networks can provide in-situ deposition data. However, this
measurement is highly limited by the location and distribution of sites. Researchers have
developed geostatistical programs to combine and interpolate in-situ data from monitoring
networks to a deposition map (Lu and Tian 2007). Satellite monitoring is a novel monitoring
method that can record the concentration of air pollutants flexibly and efficiently. There have been
multiple satellite measurements for column NOx, NH3, SO2, and PM concentrations with carious
spatial and temporal resolutions. For example, the Global Ozone Monitoring Experiment (GOME),
the SCanning Imaging Absorption SpectroMeter for Atmospheric CHartography (SCIAMACHY),
and the NASA Ozone Monitoring Instrument (OMI) use ultraviolet and visible spectrometer to
measure solar backscatter radiation from atmosphere to get the concentration of NOx, O3, SO2, and
aerosols (Lee et al. 2009; He et al. 2012). Atmospheric Infrared Sounder (AIRS) and the Infrared
Atmospheric Sounding Interferometer (IASI) use Fourier transform spectrometer to measure the
thermal infrared radiation emitted from the atmosphere to get column NH3 and SO2 concentrations
(Clarisse et al. 2009). Table 2.1 summaries the above satellite monitoring sensors and their
resolutions. Retrieval algorithms and expected uncertainties for each N and S species have been
developed. Validation of the retrieved satellite monitoring column concentrations with ground and
aircraft monitoring measurements yields mean agreement within 30% (Lee et al. 2009). Dry
deposition rates of N and S species can be simulated by the surface concentrations accordingly.
Satellite monitoring approach has been used successfully for dry and total deposition both globally
(Nowlan et al. 2014; Geddes and Martin 2017; Jia et al. 2016) and regionally (Kharol et al. 2018).
Cheng and coworkers developed an empirical model based on remote sensing data to calculate
NO2 dry deposition (Cheng et al. 2013). Liu and coworkers estimated the monthly nitrate bulk
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deposition in China based on OMI NO2 columns and showed the spatial and temporal patterns of
NO3--N deposition (Liu, Zhang, et al. 2017). Zhang and coworkers investigated wet S deposition
in China using OMI SO2 columns (Zhang, Chuai, et al. 2018). Further research of employing
satellite measurements to N and S deposition and reducing the uncertainty of monitoring results is
still of interest.
Table 2.1. Satellite monitoring sensors and their resolutions for column NO2, SO2, NH3
concentrations from (Liu, Xu, et al. 2017; Lee et al. 2009)
Sensor

Period

GOME
GOME-2
SCIAMACHY
OMI
IASI
AIRS

1996-2003
20072002-2012
200420082002-

Temporal
coverage (days)
3
1
6
0.5
0.5
0.5

Overpass time
10:30
9:30
10:00
13:45
9:30 & 21:30
13:30

Geometric
resolution (km2)
320 * 40
80 * 40
60 * 30
24 * 13
12 * 12
13.5 * 13.5

NO2

SO2

√
√
√
√

√
√
√
√
√
√

NH3

√
√

2.3. Chemical Transport Models and CMAQ
To grasp the whole picture of global and regional deposition with limited monitoring sites
and data, regional and global chemical transport models (CTMs) have been developed for
simulating the atmospheric processes to study air pollution and deposition and make projections
of future deposition. The atmospheric processes include the generation of N and S species by
human activities (emissions), transport, transformation, and removal. Long Range Transport
Models (LRTM) (Raes et al. 1991), Regional Acid Deposition Model (RADM) (Stockwell et al.
1990), Acid Deposition and Oxidant Model (ADOM) (Venkatram, Karamchandani, and Misra
1988), Sulfur Transport and dEposition Model (STEM) (Carmichael and Peters 1986), and
Regional Air pollution INformation and Simulation (RAINS-ASIA) Model (BoehmerChristiansen and Whyatt 1998) have been employed for investigating acid deposition both globally
and regionally with good performance. RAINS-ASIA is a regional trajectory model from
Branching Atmospheric Trajectory (BAT) model developed by NOAA’s Air Resources
12

Laboratory (NARL). This model calculates SO2, NOx, and NH3 surface concentrations and
depositions with a 1° * 1° resolution and it contains three sub-models: the emission-cost module
(EMCO), the acid deposition and ecosystem impact module (DEP), and the optimization module
(OPT) (Figure 2.1) (Boehmer-Christiansen and Whyatt 1998). CTMs follow the pollutant transport
pathways from the source to deposition, and therefore it can show the trends of deposition and
future changes. To study the ecological impact of N and S deposition, researchers imported the
deposition data to biogeochemical models (Model of Acidification of Groundwater In Catchments
(MAGIC) (Cosby et al. 2001), Husby Dynamic MINTEQ (HD MINTEQ) (McGivney et al. 2019),
Soil Acidification in Forest Ecosystems (SAFE) (Wallman et al. 2005) to investigate long-term
impacts of acid deposition on ecosystems. Therefore, the combination of meteorological model,
emission inventory, chemistry transport model, deposition model, and biogeochemical model is
required to study the comprehensive dynamics of N and S deposition.

Figure 2.1. RAINS model structure and sub-models from User Instruction and Manual for
RAINS Europe, Version 7.2 http://user.iiasa.ac.at/~schoepp/doc/manual/intro.html
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Individual model may have flaws in some specific processes that can be compensated by
other models. Multi-model methods have been employed to reduce uncertainty and improve
simulation quality of N and S depositions. Dentener and coworkers used 23 CTMs to simulate
current and future N and S deposition on global and regional scales. They evaluated the
performance of the models and showed that over 60% of simulated wet deposition rates agree with
quality-controlled observation results within 50%. The multi-model mean results indicated that
36-51% of global N and S species was deposited on ocean and 50-80% on land, which caused 11%
of global natural vegetation receives over critical-load nitrogen (Dentener et al. 2006).
Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP) was designed to
study the global long-term atmospheric chemistry changes and their role in climate. Lamarque and
coworkers used ACCMIP to calculate N and S deposition fluxes in 2000 and project future
depositions in 2030 and 2100. The multi-model mean results of total deposition are 50 TgN yr-1
for NOx, 60 TgN yr-1 for NH3, and 83 TgS yr-1 for SO2 in 2000-2002 (Figure 2.2). They showed
that N deposition would increase in Africa, Central and South America, and South Asia especially
in 2100, but S deposition would be lower than that in 2000 under all RCP scenarios (Lamarque et
al. 2013; Kanakidou et al. 2016). Task Force on Hemispheric Transport of Air Pollutants (HTAP
I&II) and Aerosol Comparisons between Observations and Models (AeroCom) have also been
used for N and S deposition in both the past and future (Tan et al. 2018; Sanderson et al. 2008;
Bian et al. 2017). The modeled deposition results were always evaluated by monitoring networks
and biases may occur in some regions.
The Community Multiscale Air Quality (CMAQ) model is a three-dimensional, regional
CTM organized by U.S. Environmental Protection Agency (EPA). CMAQ combines current
understanding of atmospheric science processes and air pollution modeling to
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Figure 2.2. Spatial pattern of global wet deposition of Nitrate (mgN m-2yr-1), Ammonium
(mgN m-2yr-1), Sulfate (mgS m-2yr-1) for 2000, Contours are calculated results and filled
circle are observational results from (Lamarque et al. 2013)
15

to predict the fate and transport of air pollutants, including the composition, concentration,
transport and transformation pathways of pollutants. Emission models and meteorological models
are coupled with air chemistry transport model in CMAQ system. Weather Research and
Forecasting (WRF) model and Pennsylvania State University/National Center for Atmospheric
Research (PSU/NCAR) Mesoscale Model 5th generation (MM5) are two meteorological models
that can provide meteorological input files for CMAQ. Sparse Matrix Operator Kernel for
Emissions (SMOKE) model is often used to estimate the source and rates of emissions (Appel et
al. 2011; Byun and Schere 2006). The two-way WRF-CMAQ system was developed to study the
interactions between meteorology and air pollution. The Decoupled Direct Method in three
dimensions (DDM-3D) can be used in CMAQ system to calculate sensitivities of concentration
and deposition with predefined parameters. The Integrated Source Apportionment Method (ISAM)
have also been coupled with CMAQ model to calculate source attribution for O3 and PM
precursors, which can be combinations of both primary emissions and secondary formation (EPA
2004). Appel and coworkers examined the wet deposition of nitrate, ammonium, and sulfate from
CMAQ simulations in both 36-km and 12-km resolutions. The estimation of sulfate wet deposition
was comparable with observations with less than 15% bias. However, CMAQ model
underestimated ammonium and nitrates wet deposition in different level (Appel et al. 2011).
Gilliland and coworkers used ammonium wet deposition results from CMAQ to estimate the
seasonal ammonium emission rates by an inverse modeling approach (Gilliland et al. 2003). Quan
and coworkers used CMAQ to investigate the S deposition and analyze the source of sulfate
emission in both urban and rural areas in China (Quan et al. 2008). Zhang and coworkers used the
coupled WRF-CMAQ model to study the temporal and spatial distribution of total, wet, and dry
deposition of N and S species in the US. The decreasing trends of both N and S wet and dry
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deposition were reported across the US. They discovered that coupled WRF-CMAQ model
underestimated the N and S wet deposition, because of low grid resolution, poor representation of
emissions, and ignored lightning formed NOx (Zhang, Mathur, et al. 2018).

Figure 2.3. Emission trends of N and S species in 1990-2008 (left) and Wet Deposition
trends (right) in 2000-2013 in China from (Duan et al. 2016)
2.4. N and S Deposition Studies in China
N and S deposition in China have been studied by various methods during past decades.
Duan and coworkers presented the emission trends of NOx, NH3, and SO2 in China from 1990 to
2008. SO2 emissions have increased rapidly, and then decreased due to the implementation of
emission controls since 2006. NOx emissions have also increased substantially until 2012 and then
decrease, since the rising vehicle ownership and power plants emission controls. NH3 emissions
increased during 1980 to 1996, and then declined since decreasing use of ammonium bicarbonate
fertilizer. Figure 2.3 presents their results of emission trends and wet deposition trends (Duan et
al. 2016). Streets and coworkers developed an emission inventory of air pollutants concentration
in Asia. They estimated the anthropogenic emissions of SO2, NOx, and NH3 in 2000 were 20.4 Tg,
11.3 Tg, and 13.6 Tg, respectively. They also discussed the emission trends and sources change
from 1994 to 2000 (Streets et al. 2003). The spatial distributions of N and S emissions have similar
patterns in China, which concentrated in high energy consumption and high populated area, like
NCP and Southeastern China. Source apportionment study of N and S contained pollutants (PM2.5)
17

have been conducted using the source-oriented CMAQ model (Zhang et al. 2012). Lu and Tian
estimated temporal and spatial pattern of N deposition during 1990-2003 in China using national
observation data. N deposition map suggested that wet deposition rates were highest in Central
South China and high dry deposition rates were recorded in north and central part of China. Wet
deposition contributed the most to total deposition, even dry deposition was underestimated since
only NO2 was considered (Figure 2.4) (Lu and Tian 2007). Pan and coworkers investigated N and
S deposition at 10 monitoring sites in Northern China during 2007 to 2010. They also employed
CMAQ model to determine gaseous dry deposition. The total S deposition rate was 64.8 kg S ha-1
yr-1 with 68% of which in dry deposition form, and total N deposition was 60.6 kg N ha-1 yr-1 with
60% of which attributed to dry deposition form. Wet deposition was associated with precipitation
volume, scavenging, and air-column concentrations. But dry deposition is highly dependent on
surface concentration, majority of which is from local emission (Pan et al. 2012, 2013). Similar
research have been conducted in eastern China (Zhang et al. 2010), western China (Qiao, Tang,
Hu, et al. 2015; Qiao, Tang, Kota, et al. 2015). Future deposition changes have been projected
globally (Lamarque et al. 2013; Lamarque et al. 2005) and in some regions (Simpson et al. 2014;
Hole and Engardt 2008). However, the change of N and S deposition in future is still less
understood in China.
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Figure 2.4. Spatial Pattern of wet deposition of NH4+ and NO3- (a), dry deposition of NO2
(b), and total deposition in China, from (Lu and Tian 2007)
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Chapter 3. Methodology
3.1. Model Description and Data Source
In this study, the Community Multiscale Air Quality (CMAQ) version 5.0.2 with modified
gas phase photochemical mechanism SAPRC11 (S11) (Carter and Heo 2013; Carter 2010) and
aerosol module version 6 (AERO6) (EPA 2004) was used. In comparison to other acid deposition
models that address on single pollutant or single process, CMAQ system can simulate the complex
interactions of multiple pollutants and processes under multiple scales comprehensively. The
source-oriented technique was employed to track the emissions of SO2, NOx, and NH3 from up to
9 different sources. Source-tagged species and reactions involved in are introduced to CMAQ
system. For primary PM (PPM), non-reactive PPM tracers are used to represent different sources
produced PM going through all atmospheric processes. The concentration of PPM j from source i
(Ci,j) is calculated by (Eq. 1), where PPMi is the total concentration of PPM from source i, Ai,j is
the ration of j in total PPM from source i.
Ci,j = PPMi × Ai,j

(Eq. 1.)

For secondary inorganic PM, NOx, NH3, and SO2 are tagged with source tracers and tracked
through all atmospheric processes. Both SAPRC11 and AERO6 were expanded to include the
source-tagged gaseous species and their precursors. For example, for the reaction between NO2
and OH, the source-oriented version of the equation is shown as (R. 1), where i is source number.
𝑁𝑂2𝑖 is the NO2 emitted from source i, 𝐻𝑁𝑂3𝑖 (g) is the product of this reaction in gas phase from
𝑁𝑂2𝑖 , N𝑂3𝑖 is the product of this reaction in aerosol phase from 𝑁𝑂2𝑖 (Zhang et al. 2012; Guo et al.
2018; Guo et al. 2017).
𝑁𝑂2𝑖 + 𝑂𝐻 → 𝐻𝑁𝑂3𝑖 (g) ↔ N𝑂3𝑖 i = 1,2,…
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(R. 1.)

The CMAQ workflow and atmospheric processes modeled in CMAQ system are shown in
Figure 3.1 (Adams, Adelman, and Foley 2017). Meteorology-Chemistry Interface Processor
(MCIP) extracts output files from meteorology model (WRF) and processes the meteorology data
for emission model (SMOKE) and CMAQ chemical transport model (CCTM). The initial
conditions (ICs) and boundary conditions (BCs) processors (ICON and BCON) provide the initial
concentration and boundary concentration of each chemical species for CCTM. The algorithms
used for dry and wet deposition velocity of gases and particles were introduced by Pleim and Ran
(Pleim and Ran 2011) and Bash et al. (Bash et al. 2013). Briefly, dry deposition flux is computed
by Monin-Obukov similarity theory in the surface-layer. Wet deposition flux is determined by
partitioning, precipitation rate and water concentration. Some modifications were employed for
better model performance, like reactive uptake of isoprene epoxydiol (IEPOX), dicarbonyls, and
methacrylic acid epoxide (MAE) for SOA formation, heterogeneous formation of nitrate and
sulfate by NO2 and SO2 (Ying, Li, and Kota 2015).

Figure 3.1. CMAQ workflow and processes modeled in CCTM from (Adams, Adelman, and
Foley 2017)
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Weather Research Forecasting (WRF) model generated the meteorology input for CMAQ
(Skamarock et al. 2008). The ICs and BCs of meteorology data were obtained from the Research
Data Archive managed by National Center for Atmospheric Research (NCAR). For current cases,
National Centers for Environmental Prediction (NCEP) FNL (final) Operational Global Analysis
provides collected and processed observational data at six hourly intervals (NCEP et al. 2000). For
future cases, NCAR’s Community Earth System Model (CESM1) provides bias-corrected output
data from climate models cycled every 6 hours. CESM was also coupled in phase 5 of the Coupled
Model Intercomparison Experiment (CMIP5) for IPCC AR5. Representative Concentration
Pathway (RCP4.5, RCP6.0, and RCP8.5) future scenarios were considered for future meteorology
(Monaghan et al. 2014). The WRF Preprocessing System (WPS) was used before WRF simulation
to set up the domains (geogrid), de-grid the meteorology data (ungrib). and interpolate the
terrestrial and meteorological data (metgrid). Advanced research WRF (ARW) uses the output of
WPS and start numerical integration with real.exe and wrf.exe (Figure 3.2) (Davidović and Skala
2010). More details of WRF simulations were described by Zhang et al. (Zhang et al. 2012).
Anthropogenic emissions of CO, NOx, SO2, ammonia (NH3), VOCs, PM2.5, PM10, element
carbon (EC), and organic carbon (OC) were generated by the Emission Database for Global
Atmospheric Research (EDGAR) model v4.3 (Crippa et al. 2018). The anthropogenic emission
inventories were grouped in six source sectors: power, residential, industrial, transportation, open
burning, and agriculture. The re-mapped monthly emissions were processed to hourly emissions
by temporal allocation profiles (Zhang et al. 2012). The Model of Emissions of Gases and Aerosols
from Nature (MEGAN) v2.1 biogenic processor was employed to generate biogenic emissions
(Guenther et al. 2012). The Leaf Area Index (LAI), Emission factor files (EF), and plant functional
types (PFTs) used by MEGAN were described by Qiao et al. (Qiao, Tang, Hu, et al. 2015). The
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Figure 3.2. WPS and WRF system flow chart, from the user’s guide for ARW-WRF v4.0
http://www2.mmm.ucar.edu/wrf/users/docs/user_guide_v4/v4.0/contents.html
meteorology output files from MCIP were required to simulate biogenic emission under each
scenario. Emissions from open burning was obtained from the NCAR’s Fire Inventory (FINN)
(Wiedinmyer et al. 2011). Emissions of dust and sea salt were simulated in-line with CMAQ, and
dust emission module was modified to be compatible with land use data as in Hu et al. (Hu et al.
2015). Emissions used in all future scenarios were identical with emissions in current cases, except
biogenic emissions as mentioned earlier. The emissions of each species were re-gridded and
combined for CMAQ system, and then modeled by the SAPRC mechanism and AERO6 aerosol
module.
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3.2. Model Application

Figure 3.3. Simulation domain with locations of the 10 lakes investigated specifically
In this study, the domain (197 × 127 grid cells) covers most area of East Asia including
entire China and some surrounding countries with a resolution of 36 km (Figure 3.3). CMAQ
model height was about 20 km ground, which was divided to 18 vertical layers, the first of which
was about 35m. WRF model has 29 stretching vertical layers with the bottom 8 layers identical to
CMAQ model. December, January, and February as winter episode and June, July, August as
summer episode of both 2015 and 2046 were simulated to investigate temporal and spatial
variations. January and July were selected as representative for meteorological change and species
structure change of deposition in winter and summer episodes from 2015 to 2046. Besides, their
emission sources were also different significantly (Zhang et al. 2012). The 10 largest lakes in China
(shown in Figure 3.3 and listed in Table 3.1) were investigated specifically for the difference of
source contributions and species in current case. The 10 lakes locate in both urban and rural areas
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and distribute in different climate zones. Therefore, they are good representatives to study the
source contribution and species structure of deposition. Meteorology and emissions were
processed by WRF and emission models prior to CMAQ simulations. Other input data or files
were set as default. The first three days of each month were excluded to minimize the impact of
ICs (Guo et al. 2018). The deposition to each lake was calculated using the deposition rate of the
grid where the lake locates at times the surface area of the lake.
Table 3.1. Basic information of the 10 lakes
Name
Qinghai Lake
Dongting Lake
Taihu Lake
Poyang Lake
Nam Co
Hongze Lake
Hulun Lake
Siling Co
Nansi Lake
Bosten Lake

Latitude (N)
36.9180692
29.0945359
31.2371406
29.1598166
30.711686
33.3317069
48.9353977
31.8337414
34.6952658
41.9830787

Longitude (E)
99.6073458
112.0388357
119.9665406
115.707127
90.3679817
118.257735
116.8200393
88.4396375
116.94745
86.7972035

Surface (Ha)
415871.8
233649.1
209178.1
195441.7
172846.6
171799.5
170646.9
140667.5
104739
103863.7

Province Located
Qinghai
Hunan
Jiangsu
Jiangxi
Tibet
Jiangsu
Inner Mongolia
Tibet
Shandong
Xinjiang

3.3. Model Validation
Meteorological observations from National Climate Data Center of China (NCDC) were
used to validate the performance of WRF. Wind speed (WS), wind direction (WD), air temperature
(T), and relative humidity (RH) were compared with WRF modeled results. Mean observation
(OBE), mean prediction (PRE), mean bias (MB), gross error (GE), and root mean square error
(RMSE) were calculated and compared with benchmarks based on Emery et al. (Emery et al. 2017).
The performance of meteorology simulation is shown in Table 3.2. Temperature is underestimated
with GE over benchmarks (≤ 2.0) for all months. MB of Temperature in Feb, Jul, and Aug is over
benchmarks (≤ ±0.5). WS is well predicted for almost all months, except winter months (Jan, Feb,
and Dec) with MB and RMSE (≤ 2.0) over benchmarks. For WD, three winter months are
overpredicted with MB over benchmarks (≤ ±10). GE values for all months are over benchmarks
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(≤ ±30). There are no benchmarks available for RH, but RH for all months are well predicted with
MB within ±3.0. (Wang et al. 2019). In summary, the meteorology simulation is in good agreement
with observation with several statistics out of benchmarks range. Temperature is a little under
predicted and WS is a little over predicted for some months. WS and WD have better performance
in summer months than winter months. The concentration of major components has been validated
in previous studies with the same model system and settings. The PM2.5, PM10, CO, NO2, and SO2
and ozone concentrations in winter and summer were well predicted generally. (Hu et al. 2015;
Zhang et al. 2012; Wang et al. 2019).
Table 3.2. Meteorology performance of winter and summer months in 2015, modified from
(Wang et al. 2019)

T2(K)

WS(m/s)

WD()

RH(%)

OBS
PRE
MB
GE
RMSE
OBS
PRE
MB
GE
RMSE
OBS
PRE
MB
GE
RMSE
OBS
PRE
MB
GE
RMSE

Jan

Feb

Jun

Jul

Aug

Dec

270.4
270.0
-0.5
2.9
3.9
3.5
4.8
1.3
1.9
2.5
215.2
231.6
15.9
47.3
64.8
77.8
75.0
-2.8
13.3
18.1

272.4
271.5
-0.9
2.9
3.8
3.6
4.8
1.2
1.9
2.5
206.2
220.4
13.9
46.2
63.6
75.8
73.1
-2.8
12.3
16.1

293.5
293.0
-0.4
2.4
3.2
3.4
3.9
0.5
1.5
2.0
171.3
177.1
7.0
48.2
65.4
66.5
68.1
1.5
11.8
15.2

297.0
296.3
-0.6
2.4
3.3
3.4
3.8
0.4
1.5
1.9
177.9
185.5
8.6
47.2
64.3
67.7
70.5
2.8
11.8
15.1

296.4
295.7
-0.7
2.3
3.1
3.2
3.6
0.4
1.4
1.9
170.9
172.4
4.4
48.9
66.3
68.9
71.5
2.6
11.3
14.5

272.6
272.6
0
2.8
3.8
3.5
4.7
1.2
1.9
2.4
208.7
222.3
14.0
47.3
64.7
73.8
73.9
0.1
12.5
16.8

Benchmark
0.5
2.0

0.5
2.0
2.0
10
30

Deposition observations can be obtained from EANET. Some sites in China have available
monthly dry and wet deposition data for some N and S species in 2015. For wet deposition, SO42+,
NO3-, NH4+ are available for all nine sites. For dry deposition, Jinyunshan site has deposition data
of SO2 and NO. Hongwen site and Xiangzhou site have deposition data of SO2 and NO2. Since the
observations are limited and only monthly mean values of deposition rate can be obtained, no
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statistical evaluation is performed in this study. Qiao et al. evaluated the deposition simulation
from the same model system in Sichuan Basin in 2013. The comparison results indicated that dry
deposition was over predicted for SO42+, NO3-, NH4+. Wet deposition of SO42+ and NO3- was in
good agreement with observations. But wet deposition of NH4+ was over predicted.
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Chapter 4. Results and Discussions
4.1. Current Meteorology and Deposition in China
4.1.1. Meteorology Simulation

Figure 4.1. Meteorology simulation results of winter and summer episodes in 2015. WS:
wind speed, WD: wind direction, T: temperature, RH: relative humidity.
Meteorology simulation results have been validated by observations. The overall
meteorology conditions are shown in Figure 4.1. In winter, wind speed (WS) is relatively high and
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at around 3-4 m/s in overall North China Plain (NCP) and South China (SC). The Taklamakan
Desert (TD) and Sichuan Basin (SB) are two low-speed zone, and the Tibetan Plateau (TP) has the
highest wind speed (around 8m/s) than any other regions, especially in February. Most part of
China has a wind direction (WD) of around 250°, except SB, TP, and SC with a direction of around
100°. Temperature (T) in winter is around 0 to 10 °C in central and south China, and gradually
changes to around -10 °C in north China. SB and TD have higher temperature than surrounding
area, and TP has low temperature at around -20 °C. Relative humidity (RH) in SC and northeastern
China is around 80%, and the rest part has an RH of approximately 60%. Mountain areas in NCP
and northwestern China have RH as low as 30%. In summer, wind speed is relatively low with a
speed of around 2-3 m/s in NCP and 3-4 m/s in SC. SB has the lowest wind speed (around 2m/s).
The wind direction in summer is around 100-150° with some special points in northern and
northwestern China. Temperature is around 30 °C in south and central China and 20-25 °C in
northern China. TP has a low temperature of 5-10 °C and TD has a high temperature of around
35 °C. RH is 80% in summer episode in south and central China, and changes to 60% in NCP. RH
in TP and northwestern China is as low as around 40%, and TD has the lowest RH of 20%.
Generally, the meteorology simulation shows similar spatial distribution in each month of both
winter and summer episodes. Therefore, we use January and July to represent the winter and
summer episodes for further detailed deposition study.
4.1.2. N Deposition Simulation
The simulation results of N deposition are shown in Figure 4.2. N deposition is high in
eastern, central and southern China with high population density. For dry deposition, the monthly
deposition rate is around 1.5-2 kg N/ha in eastern China in winter, and decreases to 1kg N/ha in
NCP, central and south China. In summer, the deposition rate in central south China decreases to
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0.5-1 kg N/ha and the deposition center moves to NCP with a deposition rate of 2-2.5 kg N/ha.
The surrounding area like northern China also has a higher deposition rate, but the deposition rate
in SC and southwestern China decreases to around 0.5 kg N/ha. SB also has a high dry deposition
rate at around 2 kg/ha. For wet deposition, deposition rate is high in SC and southwestern China
at 1.5-2 kg N/ha and decreases to 0.5 kg N/ha in southeastern China in winter. The deposition rate
is low to close 0 in NCP and West China (WC) due to low rainfall and relative dry weather
conditions. February has a larger deposition rate than December and January. In summer, the
deposition rate in SC decreases to 1 kg N/ha. The deposition center locates at NCP and SB with a
deposition rate of around 2 kg N/ha, the deposition in northern and central China also increases
accordingly. WC also has a higher deposition rate of around 0.5 kg N/ha than winter. The changes
of spatial distribution result from the change of wind direction for both dry and wet deposition.

Figure 4.2. Monthly dry and wet N deposition rate (kg N/ha) for winter and summer episodes
in 2015
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4.1.3. S Deposition Simulation
The results of S deposition are shown in Figure 4.3. For dry deposition, deposition rate is
higher in winter than in summer. In winter, S deposition concentrates in NCP, central China, and
coastal areas with a monthly deposition rate of 2 kg S/ha. The surrounding areas have a deposition
rate of 1kg S/ha, and barely no S deposition is predicted in other areas. January has relative higher
deposition rate than other months in winter. The deposition rate decreases to 1 kg S/ha in NCP,
and 0.5 kg S/ha in central China and the coast in summer. The deposition rate increases in WC,
resemble N deposition. Dry deposition rates are dependent on the local emissions of S species (Pan
et al. 2013). For wet deposition, the deposition center locates at SC and southwestern China with
a monthly deposition rate of 2-3 kg S/ha in winter. The surrounding area has a deposition rate of

Figure 4.3. Monthly dry and wet S deposition rate (kg S/ha) for winter and summer episodes
in 2015
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around 1.5 kg S/ha. Other part of China barely has no wet deposition, as the wet N deposition. In
summer, wet S deposition center moves to NCP, eastern China and SB with a deposition rate of
around 3 kg S/ha. The deposition rate in SC and southwestern China decreases to around 1.5 kg
S/ha. The deposition center moves from north to the south of NCP and the overall deposition rate
decreases in both NCP and surrounding areas from June to August. The spatial pattern of wet
deposition of S shows same trends as wet deposition of N.
4.2. Current N Deposition to Lakes
Source apportionment study of the 10 largest lakes quantifies the contribution of main
source sectors and species of N deposition. Figure 4.4 presents the source sector contributions to
N deposition in both gas and aerosol phase and with the form of wet and dry deposition. The
deposition rate of each lake is highly correlated with the population density, as shown in Figure
4.4(a). Deposition rate of Qinghai Lake, Nam Co, Hulun Lake, Siling Co, and Bosten Lake are
around 10 times lower than deposition to other lakes. Dongting Lake has the highest deposition
rate of 792 kg/h. Siling Co has the lowest deposition rate of 6.74 kg/h. The source contributions to
total deposition to all lakes show similar patterns. Agriculture contributes the most to deposition,
followed by industry and power generation. Transport and open burning also emerge as important
sources for some lakes. Nam Co and Siling Co have a different source pattern from other lakes.
Background and agriculture generate of over 90% of total deposition. The background portion is
high because of the overall deposition is low, due to the less population and less industrial activities.
The source pattern of Bosten Lake is also different, with the largest source sector of industry.
However, agriculture is still the largest sector for deposition in aerosol phase. The portion of
residential source is also higher than other lakes. Qinghai Lake is the largest lake in China. The
agriculture sector contributes to nearly 60% of total deposition, which is largest among all lakes.
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Figure 4.4. Source contribution and amount of N deposition to lakes. (a) total, (b) in gas
phase, (c) in aerosol phase, (d) as wet deposition form, (e) as dry deposition form. The black
point indicates the deposition rate (kg/h) in each phase or form to the lake.
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Nansi Lake has similar source pattern with Qinghai lake, but with small portion of deposition
from background source. The deposition in gas phase is around three times of aerosol phase. The
dry deposition rate is four times larger than wet deposition rate. Low RH and precipitation rate
are main reasons to them. For Hulun Lake, agriculture only contribute to less than 5% of
deposition in gas phase and in dry deposition form. For Hongze Lake, deposition in gas phase is
higher than aerosol phase, which is similar with Nansi Lake. The deposition source patterns of
other three lakes are comparable. The deposition in gas phase is lower than aerosol phase for
Poyang lake, and open burning has a larger contribution than other lakes.
Figure 4.5 shows the species composition of total, dry, and wet N deposition. For total
deposition, gaseous HNO3 and particulate NO3- are two major components. Gaseous NH3 and
particulate NH4+ are also appreciable in some lakes, like Poyang Lake, Hulun Lake, and Bosten
Lake. Deposition to Taihu Lake has highest portion of HNO3 of close to 60%. The contribution of
HNO3 is also around 50% for Nam Co, Hongze Lake, Siling Co, and Bosten Lake. Dongting Lake,
Poyang Lake, and Hulun Lake have relative lower portion of HNO3 deposition (20-30%), but
higher portion of NO3- in aerosol phase. Qinghai Lake has the highest portion of NH3 and aerosol
NH4+ deposition (40%), followed by Dongting Lake. Nansi Lake has a high fraction of deposition
of NO2. For wet deposition, NO3- and NH4+ in aerosol phase are two dominant species that consist
of more than 90% of wet deposition to all lakes except Nam Co, which has almost 20% of wet
deposition as NH3. The portion of NO3- is over 60% for all lakes except Qinghai Lake, which is
the same as the total deposition mentioned earlier. For dry deposition, HNO3 is the major
component, which consists of 40-60% of total dry deposition. NH3, PAN and PAN2 are also
important species. NH3 depositions to Dongting Lake, Nam Co, Hongze Lake, and Nansi Lake are
higher than Qinghai Lake, which are different from total deposition. The species component of
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Figure 4.5. Species structure of N deposition to lakes. (a) total, (b) wet, (c) dry deposition.
ANO3, ANH4 indicate NO3, NH4 in aerosol phase.
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deposition is highly correlated with local emission sources. NH3 and aerosol NH4+ are mainly from
agriculture. NOx and other species are mainly from other sources that consume fuels.
The overall species structure and source contribution pattern of deposition to lakes are
summarized in Figure 4.6 and Figure 4.7 respectively. HNO3 in gas phase and NO3- in aerosol
phase consist of 60% of total mass of N deposition. NH3 in gas phase and NH4 in aerosol phase
contribute to 25 % of total N deposition. NO2, PAN, and PAN2 have a fraction of 7%, 4%, and 3%
respectively. Figure 4.7 shows the source contribution of N deposition in gas phase and aerosol
phase. Agriculture, industry, power plants, and transportation are top four sources for N deposition
in both gas phase and aerosol phase. The N deposition from agriculture source has a larger fraction
in aerosol phase than in gas phase. Open burning contributes more to deposition in aerosol phase
than gas phase. Deposition from residential activities include the emissions from combustion of
fossil fuel, biofuel for cooking, lightening, and warming, and other non-combustion emissions
(Zhang et al. 2012). Residential source contributes to a close fraction of deposition as background
in both gas phase and aerosol phase.
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Figure 4.6. Overall species structure of N deposition to lakes.
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Figure 4.7. Source contribution of N deposition to lakes in gas phase (Blue) and in aerosol
phase (Gray).
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4.3. Future Changes of Meteorology and Deposition
4.3.1. Future Meteorology Simulation
The results of meteorology simulation are mapped in Figure 4.8 and Figure 4.9. The
changes of each meteorological characteristic from 2015 to 2046 under three RCP scenarios are
shown in Figure 4.10. For December, WS of all RCPs show similar pattern as 2015. RCP 6.0 has
a higher WS in NCP and central China, but lower WS in TP. RCP 4.5 has a higher WS for most
areas in China. WD in NCP deviates to around 150° for RCP 6.0, and to 100° for RCP 4.5. WD in
TD changes to 200° for RCP 8.5. Temperature decreases for almost whole China under RCP 4.5.
No significant changes are recognized for other two scenarios. RH increases in TP and SB for all
RCPs. RCP 8.5 has a lower RH in most areas. Meteorology changes in January and July will be
described more comprehensively later. For February, WS for RCP 8.5 is around 1m/s higher in
central southern China, TP, and TD than 2015. RCP 4.5 also has higher WS in TP, but lower WS
in NCP and central southern China. WD changes substantially in NCP and northeastern China.
NCP and eastern China have a WD deviated by around 50° clockwise and northeastern China has
a close deviation of WD counterclockwise. Whereas, RCP 4.5 and RCP 8.5 have clockwise
deviations in northeastern China. All three RCPs show temperature decreasing in TP. RCP 6.0
show temperature drop in all northern and central area, even in SB. RH in TP and northwestern
China increases by around 20% for all RCPs. RCP 6.0 has a lower RH in TD and Southern China,
but a higher RH in NCP. RH of NCP under RCP 8.5 also increases.
For June 2046, WS increases in overall China except SB, NCP, and TD for RCP 4.5.
However, it decreases in eastern and central southern China for RCP 6.0. WD of RCP 8.5 is close
to which of June 2015, with several deviated points in SB, TD, and southern China. Whereas, WD
changes greatly for RCP 6.0, with an overall clockwise deviation, especially in NCP and
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Figure 4.8. Meteorology simulation of winter episode of 2046 under RCP 4.5, 6.0, 8.5 scenario
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north western China. it also changes counterclockwise in TD and western TP. RCP 8.5 has a small
clockwise deviation in TP, SB, and northwestern China. Overall temperature increases for RCP
4.5. Similar temperature changes are predicted for both RCP 6.0 and RCP 8.5. RH decreases by
approximately 10% in TD and northwestern China for both RCP 4.5 and 6.0. Smaller extent of
decrease is also predicted in central and southern China for both scenarios. For August, WS
increases in most areas except western and northwestern China for RCP 4.5. Noticeable increase
is also predicted in NCP, central and southern China for RCP 6.0. WD in SB, TP, TD, NCP, central
and northern China changes by 50° counterclockwise for RCP 4.5, while northeastern China has a
clockwise deviation. RCP 6.0 has a counterclockwise deviation in central China and clockwise
deviation in northern China. RCP 8.5 has similar WD distribution with August 2015. Temperature
for RCP 4.5 has a considerable increase in almost all areas in China. RCP 6.0 and 8.5 also have a
higher temperature, especially in NCP, TD, and central southern China, as described of
temperature for June 2046. RH increases by around 5% in central China for RCP 4.5 and 6.0. The
coast, TD, and TP also have a higher RH for RCP 6.0. RH in most parts of China also increases
for RCP 8.5. Meteorology features of winter and summer episodes have some changing patterns
in common for all months, and therefore we use January and July to represent the two episodes
and investigate the typical changes of meteorology and their further impacts on deposition.
Figure 4.10 indicates the detailed change of January meteorology information from 2015
to 2046. For RCP 4.5, WS increases by 3-5 m/s in TP, TD, and northwestern China. Little increases
of WS are predicted in SC and northern China. WD changes of around 50° clockwise in TP, part
of NCP, and southwestern China. It also changes of around 50° counterclockwise in eastern and
central China. Temperature increases extremely in TP, as around 10 °C. Some parts of northern,
southern, and northwestern China also have a higher temperature, but most of other areas has a
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Figure 4.9. Meteorology simulation of summer episode of 2046 under RCP 4.5, 6.0, 8.5 scenario
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lower atmospheric temperature than 2015. RH increases in NCP, central and northwestern China
with an extent of 20% to 30%. Other areas like TP, northern and southwestern China has a lower
RH of around 15%. For RCP 6.0, WS increases by 2-3 m/s in northern and northwestern China,
and it decreases in TP with the same extent. WD deviates clockwise for almost overall China from
the east to the west with a degree of 100° to 50°. Counterclockwise changes are also predicted in
southern and northern China. Temperature increases by around 5-10 °C in northeastern and
northwestern China, and part of TP. It decreases in most other areas, especially central south China.
RH increases greatly at the edge of TP, and western China, with an extent of 20% to 30%. However,
central TP and TD have a lower RH than January of 2015. RH also increases in NCP but decreases
in other regions with an extent of 10% for both. For RCP 8.5, WS increases in most part of China
by 2-3 m/s, except a decreasing zone at the edge of TP. No significant increase is predicted in
central and part of northern China. WD deviates 50 to 100° clockwise in TP, NCP, and northern
and southwestern China. Other regions have a counterclockwise deviation of around 50°.
Temperature decreases in most part of China, especially in NCP and Southwestern China by 57 °C. It increases by around 5 °C in TP and northeastern China like RCP 4.5 and 6.0. RH increases
in overall China, especially in NCP and northwestern part by around 15% to 25%. Central TP,
southwestern, and northwestern China has lower RH, which resembles other scenarios.
Meteorology changes in July show different pattern from January changes. For RCP 4.5,
WS increases by 3-5 m/s from northeastern China to central and southwestern China. WD changes
by 50-100° clockwise in most parts of China, except eastern TP, SB, and northeastern China.
Temperature increases for all regions with several unusual points in western China. The largest
extent of increase is 5-6 °C, which locates at central southern China, followed by northwestern and
northeastern China. RH increases in TP, NCP by around 20-30%, and in northeastern China,
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Figure 4.10. Meteorology change of January and July from 2015 to 2046 with RCP 4.5, 6.0,
8.5 scenarios
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and part of TD by around 10%. Other regions have a lower RH of around 10%. For RCP 6.0, WS
increases in similar regions as RCP 4.5 with a lower extent. Northwestern China also has a larger
WS than 2015. WD in central China, SB, NCP, and west part of TP deviates counterclockwise by
around 50°. However, other part of TP, southern, northeastern and northwestern China has a
clockwise deviation of WD, especially close to the Himalaya mountains. Temperature increases
in most regions except part of NCP and TD. The increasing center moves to northwestern China
by around 7°C. RH increases in the same regions as RCP 4.5, but with a higher increasing extent
of around 30% in central area. RH decreasing area decreases and extent decreases relative to RCP
4.5. For RCP 8.5, WS increases in NCP, SB, and southwestern China by around 4 m/s. Other
regions in northern China, and TP also have an increase of around 2 m/s. WD changes in same
regions as RCP 4.5. A counterclockwise change is predicted in the coast. Temperature increases
in overall China with the center at central southern China by around 5 °C. RH still increases in the
same regions as other scenarios and has a similar distribution as RCP 4.5.
4.3.2. Future deposition and deposition change
4.3.2.1. Future N and S deposition in China
N and S deposition for all three RCPs in winter and summer of 2046 are simulated. Figure
4.11 shows the predicted wet deposition of all N species. Generally, wet deposition in summer is
higher than winter. RCP 6.0 has relative lower wet deposition than other two RCPs, especially in
winter episode. For December, deposition concentrate in central southern China and SCB for RCP
4.5 and RCP 6.0. The highest monthly deposition rate is around 3 kg/ha for RCP 4.5 and 1.5 kg/ha
for RCP 6.0. RCP 4.5 has a higher deposition rate in eastern China and the coast area. RCP 6.0
has a higher deposition rate in central China and NCP. The deposition center for RCP 8.5 locates
at SB with a deposition rate of around 1.5 kg/ha. Central China and the coast also have a higher
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deposition rate like RCP 6.0. For January, wet deposition rate is high in southern and southwestern
China. RCP 4.5 has the highest deposition rate of 5 kg/ha. Eastern and central China also has a
relative high deposition rate of around 1 kg/ha. The deposition rate reaches 1.5 kg/ha at the
deposition center for RCP 6.0, and 4-5 kg/ha for RCP 8.5. Eastern China for RCP 8.5 also has a
deposition rate of around 2 kg/ha. For February, three scenarios have different distribution of wet
deposition. RCP 4.5 has a high deposition rate of 2-3 kg/ha in southern and central southern China.
Deposition center for RCP 6.0 moves to central China, with and deposition rate of around 2 kg/ha.
Deposition rate of southern China is less than 0.5 kg/ha. RCP 8.5 has high deposition rate of 2-3
kg/ha in both southern and central China, and NCP as well.
Wet deposition of all N species shows similar distribution for each scenario in summer
months (Figure 4.11). For June, Deposition concentrate on NCP and coastal areas for all three
RCPs. Deposition rate is up to 2-3 kg/ha for RCP 4.5 and 3-4 kg/ha for RCP 6.0 and 8.5. Deposition
in central China for RCP 4.5 is higher than other two RCPs. RCP 6.0 and 8.5 have a higher
deposition rate in southern China at around 3 kg/ha. Northeastern China has higher deposition rate
under RCP 4.5 and 6.0. For July, the deposition center is still at NCP and the coast. The highest
deposition rate is around 3 kg/ha for RCP 4.5 and 6.0, and 4 kg/ha for RCP 8.5. RCP 6.0 has higher
deposition rate in central, central southern China, while RCP 8.5 has higher deposition in
northeastern China. For August, the distribution of wet deposition resembles which of June and
July. The deposition center has a deposition rate of 2-3 kg/ha for RCP 4.5 and 8.5, and 3-4 kg/ha
for RCP 6.0. Deposition rate in central and central southern China is relatively low for RCP 8.5.
Wet deposition of N is predicted to have similar distribution for each month in summer episode.
Figure 4.12 presents dry deposition of total N in winter and summer for three RCPs. Dry
deposition center starts at the southern China and moves to the north in in winter. For December,
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Figure 4.11. Distribution of monthly wet deposition rate (kg/ha) of all N species in winter
and summer episodes of 2046 with RCP 4.5, 6.0, 8.5 scenarios
dry deposition rate is high in central, southern and eastern China, with highest deposition rate of
1.5 kg/ha for RCP 6.0 and 8.5, and 1 kg/ha for RCP 4.5. NCP, SB, and southwestern China also
has a deposition rate of around 0.5 kg/ha. For January, deposition center of RCP 6.0 moves to the
southside, with a deposition rate of 1.5 kg/ha. Deposition rate in southern China decreases for RCP
4.5. The overall deposition rate is lower for RCP 4.5 and higher for RCP 8.5. Central and eastern
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Figure 4.12. Distribution of monthly dry deposition rate (kg/ha) of all N species in winter
and summer episodes of 2046 with RCP 4.5, 6.0, 8.5 scenarios
China has a deposition rate of 3-4 kg/ha. For February, Deposition center moves to NCP for RCP
4.5 and both NCP and southern China for RCP 6.0. Dry deposition rate increases to 2-3 kg/ha in
NCP, SB, central, central and southern China fir RCP 8.5. In summer episode, the deposition
distribution show similar pattern again for each scenario of all three months. For June, the
deposition center is at NCP and northeastern China, with a monthly deposition rate of 2 kg/ha. The
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deposition rate in central and central southern China is around 1 kg/ha for RCP 4.5 and 6.0.
Southern China has a higher deposition rate of 1.5 kg/ha for RCP 4.5. Deposition rate in central
China is high for RCP 8.5 at around 1.5 kg/ha. For July, deposition center still locates at NCP and
northeastern China, with a deposition rate of 1.5-2 kg/ha for all RCPs. The deposition rate in
surrounding areas like SB, northern, central and southern China is around 0.5-1 kg/ha. Higher
deposition rate is predicted in the west side of NCP for RCP 6.0. For August, deposition center
moves to the south side to the central and central southern China, with a deposition rate of around
2 kg/ha. RCP 4.5 has lower deposition in central southern China. RCP 6.0 has a higher deposition
rate in southwestern China.
Monthly S deposition rate is higher than N deposition rate. Figure 4.13 shows wet
deposition of total S in winter and summer episodes of 2046. For December, deposition center is
at SB, central southern and southern China for RCP 4.5 with a deposition rate of 5 kg/ha. RCP 6.0
has high deposition rate in SB, southwestern and central China at around 3 kg/ha. RCP 8.5 has
high deposition in SB and surrounding areas with a deposition rate of 3 kg/ha. For January,
deposition center locates at southern and southwestern China with a deposition rate of 4 kg/ha for
RCP 4.5, 3 kg/ha for RCP 6.0, and 20-30 kg/ha for RCP 8.5. Deposition in central and eastern
China is relatively low for RCP 6.0. Deposition rate of southern and central southern China is
extremely high for RCP 8.5. For February, deposition center is different for three RCPs. RCP 4.5
has high deposition in southern and central southern China with a deposition rate of around 5 kg/ha.
Eastern China and some other regions have a high deposition rate of 10 kg/ha. Deposition center
of RCP 6.0 is at central and eastern and central southern China, with a deposition rate of 4-5 kg/ha.
RCP 8.5 has high deposition rate in central China at around 8-10 kg/ha. Deposition rate in SB,
NCP, and southern China is also up to 5 kg/ha. Homogeneous distributions are predicted for wet
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Figure 4.13. Distribution of monthly wet deposition rate (kg/ha) of all S species in winter
and summer episodes of 2046 with RCP 4.5, 6.0, 8.5 scenarios
S deposition for almost all scenarios in summer months. For June, all central, southern and eastern
China has a high deposition rate of 3-5 kg/ha for RCP 4.5. RCP 6.0 has high wet deposition high
in NCP, northeastern, central southern, and southern China with a deposition rate of around 5 kg/ha.
Deposition rate is up to 10 kg/ha in Liaoning province and southern coast. RCP 8.5 has high
deposition in NCP, coastal area, and central southern China. NCP has highest deposition rate of
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around 10 kg/ha. For July, deposition rate is high in NCP, central and northeastern China at 5-10
kg/ha for RCP 4.5. RCP 6.0 has higher deposition rates in central southern and southern China but
a lower deposition rate in northeastern China. NCP, northeastern, southern and central China have
high deposition rates for RCP 8.5. Deposition rate at the center is around 10 kg/ha. For August,
RCP 4.5 and RCP 6.0 have high deposition in NCP, central, central southern and southern China
at around 5 kg/ha. High deposition rate of around 10 kg/ha is predicted in some points. RCP 8.5
has a lower deposition rate in overall China, especially in central and central southern part.
Distributions of dry deposition of all S species are shown in Figure 4.14. For December,
deposition is high in central area for RCP 4.5 at around 3 kg/ha. RCP 6.0 and 8.5 have high
deposition in NCP and eastern China. For January, central China and NCP have a high deposition
rate of around 3 kg/ha for RCP 4.5. RCP 6.0 has high deposition rates in NCP and northwestern
China. Deposition rate is up to 5 kg/ha in NCP, central, eastern, and central southern China for
RCP 8.5. For February, deposition concentrate on NCP and central China for all three RCPs.
Deposition rate is up to 3 kg/ha in the deposition centers. RCP 8.5 has a higher deposition rate in
NCP and central southern China. Dry deposition in summer is relatively lower than in winter.
Northwestern China has higher depositions in some scenarios. For June, deposition is high in
eastern, central and northwestern China with a deposition rate of 1-2 kg/ha. RCP 6.0 has higher
overall deposition than other two RCPs. For July, deposition is high in NCP, central, and
northwestern China. August has high deposition in central, eastern, and northwestern China. Some
points have extremely high deposition rates to up to 40 kg/ha. Dry deposition of S species
concentrates on a smaller scale than other species. The speciation and fate of S pollutants may be
responsible for this.
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Figure 4.14. Distribution of monthly dry deposition rate (kg/ha) of all S species in winter and
summer episodes of 2046 with RCP 4.5, 6.0, 8.5 scenarios
4.3.2.2. N and S species of deposition in China
Figure 4.15 and Figure 4.16 present the monthly dry deposition rate of each N species in
January and July respectively for 2015 and 2046. NO3- (NO3 AE) and NH4+ (NH4 AE) in aerosol
phase, HNO3 (HNO3 GA), NH3 (NH3 GA), N2O5 (N2O5 GA), and NO2 (NO2 GA) in gas phase
are major species of dry deposition. For dry deposition in January, NH4 AE has a deposition center
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in central, eastern, and central southern China with a deposition rate of 0.2-0.3 kg N/ha in 2015.
The deposition center does not change but the deposition rate decreases to around 0.05 kg/ha for
RCP 4.5 and 6.0, and 0.15 kg/ha for RCP 8.5. Deposition rate of NO3 AE is high at around 0.3
kg/ha in central and eastern China in 2015. Deposition center does not change for RCP 8.5 but
moves to central southern and southern China for RCP 4.5 and 6.0. The deposition rates at the
center are 0.05, 0.08, and 0.15 kg N/ha for RCP 4.5, 6.0, and 8.5 respectively. NH3 GA has high
deposition rate in northeastern, southwestern China and the east part of TP. The deposition rate is
up to 0.5 kg N/ha in 2015. The deposition center moves to NCP and central China for all three
RCPs. Center deposition rate increases for RCP 8.5 and decreases for RCP 4.5. RCP 4.5 has a high
deposition rate of 0.3 kg/ha in the east part of TP. RCP 8.5 has a high deposition rate of around
0.5 kg/ha in northeastern China. HNO3 GA has high deposition in central and central southern
China with a deposition rate of 1 kg N/ha. Deposition center moves to southern and central
southern China for all RCPs in 2046. The central deposition rate is 0.2 kg N/ha for RCP 4.5 and
6.0, and 0.3-0.4 kg N/ha for RCP 8.5. Deposition center of N2O5 GA locates at NCP and central
China with a deposition rate of 0.03 kg N/ha. RCP 4.5 has high deposition rate of 0.04 kg N/ha in
NCP, central, eastern and central southern China. RCP 6.0 has high deposition in NCP and eastern
China with a deposition rate of around 0.04 kg N/ha. RCP 8.5 has a high deposition rate in NCP,
northeastern, central, eastern and central southern China of 0.1 to 0.15 kg N/ha. NO2 GA
deposition is high in central, south coastal, and eastern China with a deposition rate of 0.1 kg N/ha.
Deposition rate decreases to around 0.02 kg N/ha for RCP 4.5 and 6.0. Deposition center expands
to NCP, central southern and southern China for RCP 8.5 with a deposition rate of around 0.1 kg
N/ha. Therefore, dry N deposition in aerosol phase is less influenced by meteorological changes
than which in gas phase in winter episodes. Greater extents of temperature increase and RH
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decrease for RCP 8.5 affect the deposition rates of N species significantly. These meteorological
changes may affect the transport and transformation processes of these pollutants even the
emissions are under controlled.
For dry deposition in July, NH4 AE has high deposition in NCP and central China in 2015
with a deposition rate of 0.1-0.15 kg N/ha. Deposition centers of RCP 4.5 and RCP 6.0 move to
the north side and the deposition rates are up to 0.04 kg N/ha. RCP 8.5 has the same high deposition
area as 2015 with a deposition rate of 0.03 kg N/ha. For NO3 AE, 2015 has high deposition in the
coastal areas and northeast part of TP with a deposition rate of 0.07 kg N/ha. NO3 AE deposition
center moves to eastern and northern coast for RCP 4.5 with a deposition rate of around 0.05 kg
N/ha. RCP 6.0 has high deposition in NCP, central and northwestern China, the coastal area. RCP
8.5 has a high deposition rate in NCP and the east coast with a deposition rate of around 0.1 kg
N/ha. NH3 GA shows similar distribution with January, with deposition center at SB. The
deposition rate is up to 1 kg N/ha. This distribution does not change for all three RCPs. The
deposition rate decreases to 0.5 kg N/ha for RCP 4.5 and 6.0, and 0.6 kg/ha for RCP 8.5. And the
high deposition belt from northeastern to southwestern China has an overall deposition rate of 0.2
to 0.3 kg N/ha. HNO3 GA has a high deposition rate of around 1 kg N/ha in NCP and central
China. RCP 4.5 and 6.0 also has high deposition rates up to 0.4 kg N/ha in northeastern China and
the east coast. Deposition center of RCP 8.5 locates at NCP with a high deposition rate of 0.4 kg
N/ha. N2O5 GA deposition rate is generally low in July. NO2 GA has a high deposition rate in
central and eastern China with a deposition rate of 0.3 kg N/ha in 2015. The deposition center does
not change for three RCPs in 2046. But the deposition rate decreases to around 0.1 kg N/ha. Thus,
dry N deposition in aerosol phase is more affected by meteorological conditions than which in gas
phase for summer episodes.
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Figure 4.15. Monthly dry deposition rate (kg N/ha) of each N species in January, AE: aerosol phase, GA: gas phase, a: 2015, b:
RCP 4.5, c: RCP 6.0, d: RCP 8.5 of 2046
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Figure 4.16. Monthly dry deposition rate (kg N/ha) of each N species in July
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Figure 4.17 and 4.18 show the wet deposition rate of each N species for 2015 and 2046.
Aerosol phase is the major phase of wet deposition and gas phase has low a wet deposition rate
(Figure S1). Therefore, only NH4 AE and NO3 AE are discussed in detail. For January, NH4 AE
has high deposition in central southern and southwestern China with a deposition rate of 1 kg N/ha
in 2015. All three RCPs have the same deposition center but RCP 4.5 and 6.0 have lower deposition
rates of 0.6 kg N/ha and 0.3 kg N/ha respectively. NO3 AE has high deposition center at central
southern, southeastern and southwestern China. Deposition rate at the center is around 0.6 kg N/ha
for 2015 and RCP 4.5 of 2046. RCP 6.0 has a high deposition rate of 0.3 kg N/ha, but lower
deposition in southeastern China. RCP 8.5 has a high deposition rate up to 1.0 kg N/ha. For July,
NH4 AE has high deposition in NCP and the west part of SB with a deposition rate of 1.5 kg N/ha
in 2015. Three RCPs have high NH4 AE deposition areas including NCP, SB, northeastern, central
and southwestern China with a deposition rate of 1-1.5 kg N/ha. This high deposition belt is
identical with dry deposition central zone of NH3 GA. RCP 6.0 has a lower deposition rate than
other two RCPs. NO3 AE has high deposition in NCP, central, eastern and southern China with a
deposition rate of around 1 kg N/ha. The deposition center does not change for three RCPs in 2046
with a lower deposition rate of around 0.5-1 kg N/ha. Meteorological changes dose not have great
impacts on the distribution of wet N deposition. But the change of deposition rates may have the
origins in temperature and RH changes.
S deposition rates of January and July of both 2015 and 2046 are shown in Figure 4.19 and
Figure 4.20. SO2 in gas phase (SO2 GA) and SO4 in aerosol (SO4 AE) phase are major
components of dry S deposition. SO4 AE is the main determinant of wet S deposition. For dry
deposition in January, SO2 GA deposition concentrate on NCP, central and eastern China with a
deposition rate of around 2 kg S/ha in 2015. RCP4.5 has the same deposition center but a lower
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Figure 4.17. Monthly wet deposition rate (kg N/ha) of each N species in January
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Figure 4.18. Monthly wet deposition rate (kg N/ha) of each N species in July
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deposition rate of 1 kg S/ha. RCP 6.0 only has a low deposition rate of around 0.5 kg S/ha in the
deposition center. RCP 8.5 has high deposition of SO2 GA in NCP, central, central southern and
eastern China with a deposition rate of 2-2.5 kg S/ha. SO4 AE has a deposition center at central
southern and eastern China with a deposition rate of around 0.5 kg S/ha in 2015. RCP 4.5 has high
deposition at southern TP with a deposition rate of around 0.2 kg S/ha. RCP 6.0 has high deposition
of SO4 AE in northwestern China with a deposition rate of around 0.25 kg S/ha. No specific
deposition center was predicted for RCP 8.5 and only several points have high deposition rates of
0.1-0.2 kg S/ha. For wet deposition, SO4 AE deposition center locates at central southern,
southwestern and southern China with a deposition rate of around 3 kg S/ha. RCP 4.5 and 8.5 have
the same deposition center with a deposition rate of 1.5 and 3.5 kg S/ha respectively. RCP 6.0 has
a high deposition rate at SB and southwestern China with a deposition rate of 1-1.5 kg S/ha.
For dry deposition in July, SO2 GA deposition concentrate on NCP and central China in
2015 with a deposition rate of around 1 kg S/ha. 2046 has the same deposition center with a lower
deposition rate for all RCPs. SO4 AE has a high deposition rate in NCP, eastern and northwestern
China at around 0.3-0.5 kg S/ha in 2015. The deposition center moves to northwestern China with
almost the same deposition rate for RCP 6.0 and 8.5. RCP 4.5 has a lower deposition rate of 0.20.3 kg S/ha. For wet deposition, SO4 AE has high deposition rate in NCP and the coastal areas
with a deposition rate of around 3 kg S/ha. RCP 4.5 has high deposition rate in NCP, central and
northeastern China with a deposition rate of around 2-2.5 kg S/ha. RCP 6.0 has high deposition in
NCP, central China and the coast with a deposition rate of 2 kg S/ha. RCP 8.5 has a high deposition
rate of 2-3 kg S/ha in SB, NCP, eastern and northeastern China. In summary, different
meteorological changes have comparable effects on spatial distribution and species constitution of
S deposition with N deposition for both winter and summer episodes.
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Figure 4.19. Monthly deposition rate (kg S/ha) of each S species in January, AE: aerosol
phase, GA: gas phase, a: 2015, b: RCP 4.5, c: RCP 6.0, d: RCP 8.5 of 2046
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Figure 4.20. Monthly deposition rate (kg S/ha) of each S species in July
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4.3.2.3. Total N and S deposition change from 2015 to 2046
The deposition rates of total N and S in 2046 have been described in 4.3.2.1. The changes
of both wet and dry deposition rates in January and July from 2015 to 2046 are shown in Figure
4.21 and Figure 4.22. For N deposition in January, wet deposition rates decrease by around 1 kg
N/ha in central southern and southwestern China for RCP 4.5 and 6.0. RCP 8.5 has an increasing
deposition rate of 1-2 kg N/ha in central southern and southern China in 2046. The pattern may
have the root of different temperature, RH, and WD changes in these areas for RCP 8.5. Dry
deposition rate decreases in central, eastern and central southern China by an extent of 1-2 kg N/ha
for RCP 4.5 and 6.0, and around 1 kg N/ha for RCP 8.5. In July, wet deposition rates decrease in
NCP and central China by around 1 kg N/ha for RCP 4.5 and 8.5, and 1-2 kg N/ha for RCP 6.0.
Outlier zones are predicted that have an elevating deposition rate of 1-2 kg N/ha in northeastern
China and western part of central China, especially in RCP 4.5 and 8.5. Dry deposition rate
decreases by around 1 kg N/ha in NCP, central China for RCP 4.5 and 8.5. RCP 6.0 has a higher
deposition rate of 0.5 kg N/ha in northern and southwestern China, which may be affected by the
different WD changes in these areas (Figure 4.21).
Total S deposition changes are shown in Figure 4.20. In January, RCP 4.5 and 6.0 has a
decreasing deposition rate of around 2 kg S/ha in central southern and southwestern China. In
contrast, RCP 8.5 has an increasing deposition rate of around 3 kg S/ha in NCP, central southern
S/ha in central and central southern China for RCP 4.5 and 6.0. RCP 8.5 has a deposition rate of 2
kg S/ha in NCP. Meteorological changes have more evident effects on both dry and wet S
deposition, especially RCP 8.5. In July, wet deposition rates show the same changing trends as wet
N deposition. All three RCPs has a decreasing deposition rate of 2-3 kg S/ha in NCP and the east
and southern China, which is similar with wet N deposition. Dry deposition rates decrease by 2 kg
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Figure 4.21. Change of monthly dry and wet deposition rate (kg N/ha) of total N from 2015 to
2046
side of central China, while the west side has an increasing deposition rate of around 2 kg S/ha.
Dry deposition rates by around 1 kg S/ha in NCP, central and central southern China for all RCPs.
RCP 6.0 has an increasing deposition rate of around 1 kg S/ha in northwestern China.
4.3.3. Changes of N deposition to lakes from 2015 to 2046
The total wet and dry N deposition to the 10 lakes in 2046 are also predicted under three
RCPs, as shown in Figure 4.23. Some lakes have relatively low wet deposition in January, and
therefore not shown in the figure. In January, Poyang Lake and Dongting Lake has an elevated
wet deposition for RCP 8.5 and a decreasing deposition for RCP 4.5 and 6.0. Taihu Lake is
predicted to have higher wet deposition for RCP 4.5 but a lower one for other two RCPs. Hongze
Lake also has higher wet deposition for RCP 4.5 and 8.5. Dry deposition decreases for all lakes
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Figure 4.22. Change of monthly dry and wet deposition rate (kg S/ha) of total S from 2015 to
2046
except Nam Co, which has a small increase for RCP 4.5. RCP 8.5 has relative higher dry deposition
than other two RCRs and RCP 4.5 and 6.0 have close dry deposition for almost all the lakes. Dry
deposition decreases for 60-80% for RCP 4.5 and 6.0, and 20-40% for RCP 8.5.
In July, wet deposition to Bosten Lake, Nansi Lake, Hongze Lake and Poyang Lake
decreases for all three RCPs in 2046. RCP 8.5 has a higher wet deposition to Nansi Lake and
Hongze Lake than other two RCPs. Poyang Lake have higher deposition under RCP 6.0. Qinghai
Lake has close wet deposition for all three RCPs in 2046 and 2015. Hulun lake has higher wet
deposition for RCP 4.5 and lower deposition for other two RCPs. Nam Co and Siling Co have
higher wet deposition for all RCPs in 2046 than 2015 and RCP 6.0 is the highest one. Taihu Lake
has higher deposition for RCP 6.0 and a lower deposition rate for other two RCPs in 2046. Wet
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Figure 4.23. Change of total N deposition to the 10 lades from 2015 to 2046
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250

300

deposition to Dongting Lake increases under RCP 4.5 and 6.0 but decreases under RCP 8.5. Dry
deposition decreases for almost all lakes except Siling Co, which is predicted to have close
deposition in 2046 and 2015. All three RCPs for almost all lakes show similar dry deposition in
July 2046, which is around 40-60% lower than 2015. RCP 6.0 has a higher dry deposition to Taihu
Lake and Qinghai Lake than other two RCPs, but still lower than 2015.
In Summary, dry deposition to almost all lakes decrease from 2015 to 2046. But RCP 8.5
has higher deposition than other two RCPs in winter episode. Wet deposition in summer is much
higher than which in winter. The changes of wet deposition show different trends for different
lakes.
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Chapter 5. Conclusions
CMAQ/WRF modeling system is employed in this thesis to predict the N and S deposition
in China. Source apportionment method is used to study the sources of N deposition to 10 lakes in
China. The model performance is evaluated by validate the simulation results with observations.
Meteorology, N and S deposition are generally well reproduced in 2015. In winter, dry deposition
dominates the deposition in northern areas and wet deposition dominates the central southern and
southern China with a monthly deposition rate of 1-2 kg N/ha and 2-3 kg S/ha. In Summer, both
dry and wet deposition are high in NCP and central China with a deposition rate of 1-2 kg N/ha
and 1-2 kg S/ha. Both the overall deposition results and deposition to lakes indicate that N
deposition is highly correlated with population density and the intensity of human activities.
Source apportionment study indicates that agriculture is the major source of N deposition that
contribute to around 50% to both wet and dry deposition. Industrial activities, power plants, and
transportation are also major sources to N deposition. Agriculture source has a larger fraction in
aerosol phase than gas phase. Gas phase deposits by dry deposition and aerosol phase deposits by
wet deposition in general. NO3-, NH4+ in aerosol phase and NH3, NO2, HNO3 in gas phase are
major components of N deposition to lakes, and overall China as well. Meteorology in 2046 is
predicted by WRF model and changes from 2015 to 2046 are analyzed for RCP 4.5, 6.0, and 8.5.
In winter, temperature decreases in eastern and central China but increases in western China. RH
increases in central and northwestern China. In summer, WS increases from northeastern to
southwestern China. Temperature increases in central southern and northern China. RH increases
in TP, NCP, and northeastern China, but decreases in other areas. Future wet and dry deposition
of total N and S are predicted. The general distribution of dry and wet total N and S deposition
does not change from 2015 to 2046. However, the monthly deposition rate decreases by 1-2 kg
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N/ha and 2-3 kg S/ha at deposition center for almost all RCPs. Temperature and RH changes for
RCP 8.5 in winter episode and WD changes for RCP 6.0 in summer episode may play a key role
in the changes of distribution and deposition rate of both dry and wet deposition. Major N and S
species of dry and wet deposition in January and July are mapped for both 2015 and 2046. In
January, temperature and RH changes may have impacts on the increasing of wet N and S
deposition for RCP 8.5. In July, WD changes may affect the changes of dry N deposition for RCP
6.0. The species constitution of N deposition may be affected by the Dry and wet deposition of
total nitrogen to lakes are also calculated for three RCPs in 2046. Dry deposition decreases for
almost all RCPs, especially RCP 4.5 and 6.0 with a greater extent. Different lakes have various
changes of wet N deposition for three RCPs.
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Appendix. PM 2.5 Concentration in Future Scenarios

Figure S1 PM2.5 concentration (µg/m3) for each RCP in winter and summer of 2046

78

Vita
Cheng Shi was born and raised in Datong, Shanxi, China. He received his bachelor’s
degree in Geochemistry from Nanjing University, China in July 2017. His undergraduate thesis
is “Replacement of calcite by apatite under hydrothermal conditions: the transforming
mechanisms and conditions”. During the research in mineralogy and geochemistry, he developed
his interest in the fate and transport of chemicals in water system under the guidance of his
advisors, Dr. Yuanfeng Cai and Dr. Hongping He. He started to pursue his Master’s degree in
Environmental Engineering since January 2018. Before this thesis, he did a research project
about environmental chemistry of soluble Mn(iii) under Dr. Zimeng Wang. Currently, Cheng Shi
is a candidate for the Master’s degree in Engineering Science, concentrate on Environmental
Engineering.

79

